ABSTRACT The cost-reliability of two binomial sampling procedures for monitoring tomato fruitworm (TFW), Heliothis zea (Boddie), and beet armyworm (BAW), Spodoptera exigua (Hiibner), fruit damage in processing tomatoes are compared. The random procedure which entails sampling 30 fruit at each of several sites in a field when compared with sampling all fruit on single plants at several sites overestimated TFW and BAW damage by 62% but proved more cost reliable when corrected for the bias. A dynamic threshold is developed taking into account the earliness or lateness of the crop and the associated likeliness of increased damage later in the season. A binomial sequential sampling program which utilizes these thresholds is presented which allows for the fruit damage status to be rapidly and reliably estimated.
Lange and Bronson (1981) found few quantitative monitoring procedures in their review of tomato insect pests that could be implemented. Without such procedures, assessing a pest's status is subjective and often results in unnecessary control actions. This is especially a problem when the control decision threshold for damage is extremely low, as with processing tomatoes (see Table 2 in Lange and Bronson [1981] ). Intensive monitoring for research applications often requires high labor input, and although such methods provide reliable estimates of a species' density, costs are typically too high for commercial use.
Various approaches have been taken to develop monitoring programs which provide reliable estimates of the status of pests and beneficials at a reasonable cost. Monitoring costs can be redhced without sacrificing reliability by using subsampling plans where only the area of a plant most likely to have a pest is examined, by using binomial sampling where only the presence of organisms on a sample unit and not the numbers are recorded, or by using sampling procedures which provide a reliable estimate for less cost (e.g., comparing sweep sampling with bag sampling in cotton [Wilson and Room 19823) . Costs can also be reduced by using sequential sampling (Allen et al. 1972 , Sterling 1975 , Wald 1945 , Wolfenbarger et al. 1975 .
This paper develops a program for monitoring fruit damage by two main pests of tomatoes in the San Joaquin and Sacramento Valleys of Califomia; the beet armyworm, Spodoptera exigua (Hiibner), and the tomato fruitworm, Heliothis zea (Boddie). Sequential sampling with a dynamic control decision threshold is incorporated, and the cost-reliability of two sampling procedures is compared.
Materials and Methods
Damage was monitored weekly during the fruit production period (7 to 8 weeks) in three commercial fields located in Sutter and Yo10 Counties in 198 1. Two monitoring procedures were used. The first consisted of ran- 
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domly selecting 30 fruit at 36 predetermined sites in each field. At each site, the number of damaged and undamaged fruit was recorded. The "random" sampling method results in a bias toward sampling fruit in the outer canopy but has some advantages, as will be indicated below. The second procedure consists of uprooting two plants at each of the 36 predetermined sites and recording the numbers and proportion of damaged fruit. This "whole-plant" fruit sampling procedure provides an estimate of the absolute proportion of damaged fruit.
Results and Discussion

Relative EfSiciency
Comparison of the relative efficiencies of the wholeplant and random sample counts were made by using regression techniques, where the forced regression coefficient (bforced) is an estimate of the relative efficiency of the two sampling methods. Correlation between the proportion of damaged fruit by using the two methods was not significant (equation I ) for the tomato fruitworm (TFW). Due to the greater coefficient of variability at low densities, lack of significance is not uncommon when attempting to correlate different sampling procedures when means are low as with these data (maximum of 2.2% infested fruit).
fir, TFW = 0.001 + 3.068 * P,, TFW, n = 21, r2 = 0.34, P > 0.05, btOtced = 3.693 (1) where p, is the estimate of the proportion of infested fruit by the random procedure and P, is for the wholeplant procedure.
The beet armyworm (BAW) larvae reached much higher levels, and correspondingly the correlation between the two sampling procedures was highly signifiy cant (equation 2).
pr, BAW = 0.004 + 1. 430 . P,, BAW, n = 22, rz = (2) The forced regression coefficient indicates that the random sampling procedure provides a biased estimate of BAW (60% higher than actually present). This estimate is changed very little by considering TFW and BAW . . .
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PROPORTION DAMAGED FRUIT BY WHOLE PLANT SAMPLE
FIG. I . Relationship between the proportion of TFW-or
BAW-damaged tomato fruit, using a whole-plant and random fruit sampling procedure. 
PROPORTION INFESTED FRUIT (Whole
Cost-Reliability
Although the random sampling procedure provides a biased and inflated estimate of larval damage, an estimate of actual damage can be obtained by using the appropriate correction factor. P, = (1.62) P, (4) More important. however, is the cost required to estimate the status or damage level with a given reliability for both methods. For binomial-type sampling, such as recording the proportion of larval-damaged tomatoes, the cost of a sampling procedure can be expressed as follows:
where C = cost to take a sample with a given reliability, 0 = cost to walk from one sample unit to the next, 4, = cost to sample each unit, and
where: n = the number of units which require sampling to estimate the status of a pest or beneficial species with a given reliability level: t = the standard normal variate;
(Y and p are, respectively, the probability of initiating a control action when a pest is below a control decision threshold, and the probability of not initiating a control action when a pest is above the threshold; p = the proportion of fruit which are danlaged at any point in time; in this case using either random or whole plant sampling; q = I -p; and T, = the control decision threshold for the ith stage of crop growth (see threshold section)-in this case, expressed as a proportion of fruit which are damaged.
PROPORTION OF DAMAGED FRUIT (P, )
Cost-reliability ratio ofthe random fruit and wholeplant sampling procedure. comparing the estimates derived by using the linear approxiniation (---) and the dynamic factor (-).
Fici. 3. The relative cost-reliability of the two sampling procedures is therefore the ratio of the random and wholeplant procedure cost functions.
This relationship can be simplified by using the following substitutions: 9, = 0, = 0.5 min. +r = 4.9 min (cost to sample 30 fruit). 6% = 1 1 .O min (cost to sample one plant); therefore: (0, + +J . 
shows that the relative cost-reliability of two binomial sampling procedures for relatively low damage levels is independent of the control decision threshold and is dependent on costs per sample unit, the correction factor for converting "whole-plant" counts to "random" counts, and the proportion of fruit which are damaged at any point in time.
At higher levels of damage, the linear relationship between P, and P, no longer applies; as both P, and P, increase, their difference reaches a maximum and then decreases to zero when they both reach 1 .O (Fig. 2) . For practical considerations, a control decision will have been reached far before 100% of the fruit become damaged, and for that reason equation 7 should suffice. However, for general utility, a nonlinear approximation of the relationship, applicable over the whole possible range of damage, is presented. Wilson et al. (1980) presented an equation relating two proportions having the same form as Fig. 2 . Expressed in terms of P, and P,, 
Although possibly fortuitous, the "d" coefficient (0.5 13) derived for the combined TFW and BAW data for damaged fruit comparing random and whole-plant fruit count samples is very similar to the coefficient derived by Wilson et al. (1980) for TFW eggs (0.541) comparing
(1 -P,) d1-I * P,} ( I -P,)-' (10)
Time of Damage Control Threshold
Most eggs of TFW and BAW are oviposited in processing tomatoes in the San Joaquin and Sacramento Valleys of Califomia between late August and early September, with some activity as early as May and as late as November (Lange and Bronson 1981) . Depending on when tomato crops are planted, and on the pest pressures for the year, some fields may escape fruit damage almost completely, whereas others may suffer high damage. The best strategy for minimizing damage is to plant the crop as early as possible to maximize the likelihood that the crop will mature before TFW and BAW become abundant late season. Spring rains and cool spring temperatures, cannery contract stipulations, or specific farm cultural constraints result in large acreages of late-maturing processing tomatoes almost every year.
The currently used control decision threshold for California processing tomatoes (2% damaged fruit) is set by the canning industry. Shipments of tomatoes are inspected from each field before being processed and, if 2% damage is exceeded, the tomatoes may be rejected. Table 1 summarizes the thresholds for fruit damage, taking into account harvest time of a crop. The earlier the crop, the higher the threshold for each crop growth stage, whereas the later the crop, the lower the threshold for each stage. Since increased damage is more likely to occur during the later crop stages for a late-maturing crop, early-season thresholds are lower for this situation.
On average, a late crop will receive more sprays with this management strategy, corresponding to its normally higher pest pressures.
Sequential Sampling
The random sampling procedure is considerably more cost-reliable than the whole-plant procedure, and for this reason it was used in developing the sequential sampling plans. By the mathematical relationships developed by Wilson et al. 1983 ) and the thresholds listed in Table I , four sequential sampling plans were developed ( Table 2) . As with conventional binomial sequential sampling plans (Wald 1945), a decision to treat or not to treat is reached when the number of infested fruit is equal to or greater than the upper action line, or equal to or less than the lower action line, or when an arbitrary upper limit of 400 fruit is reached. Unlike conventional binomial sequential sampling, our control decision lines diverge with increasing sample size, but as a limit they are also parallel. Figure 4 pre-
